Mineral carbonation is one of the mitigation strategies considered for reducing atmospheric CO 2 concentrations. The reuse of industrial solid wastes and residues (e.g. waste building material, including cement -which readily sequester CO 2 at ambient temperatures and pressures) is often taken into consideration. The main barrier to the use of mineral carbonation is the rather slow reaction progress. Based on a literature review it has been hypothesized, that knowledge of the reaction energy of formation and disintegration of carbonate phases is needed, and differential scanning calorimetry (DSC) measurement method could be used to obtain thermodynamic data of the mineral carbonation process.
Introduction DOI: 10.18668/NG2015.12.08 Nafta-Gaz, nr 12/2015 Mineral carbonation is a process involving dissolution of CO 2 and its transformation into CaCO 3 , MgCO 3 , CaMg(CO 3 ) 2 , FeCO 3 and other minerals. Because of the thermodynamic stability of the carbonate products, mineral CO 2 sequestration is an attractive means for reducing carbon dioxide emission. In order to maximize the effectiveness of CO 2 mineral sequestration, a thorough understanding of the initial stages of formation and subsequent crystallization of the mentioned carbonate minerals is required [11, 19, 28] .
In natural conditions carbonation appears through geologic processes of silicate weathering, however the reaction rates are slow (on geologic time scales) and the economic feasibility of its wide-spread application is not fully known. A mineral carbonation process through binding CO 2 with natural mineral such as talc or serpentine is known in a hipergenic environment: CaSiO 3 (wollastonite) + 2CO 2 This reaction has become the base for considerations about mineral carbonation processes with the use of the mineral resources [30] . The stability of the endproducts (i.e. carbonates), however, has prompted investigations into ways to mimic and catalyze the weathering process in the laboratory [3, 12] . Mineral carbonation research is concentrated on the sequestration in: deep saline aquifers, mined silicate minerals e.g. serpentine (Mg 3 Si 2 O 5 (OH) 4 ), talc (Mg 3 Si 4 O 10 (OH) 2 ), olivine (Mg 2 SiO 4 ), wollastonite (CaSiO 3 ) or alkaline waste material. In case of natural silicate materials, both the mineral acquisition and pre-processing steps require energy inputs, which reduces the overall efficiency of the process of CO 2 sequestration [1, 13, 17] . In contrast to these sources, the reuse of industrial solid wastes and residues, rich in calcium and/or magnesium, is more readily available (Fig. 1) .
The carbonation of alkaline waste, such as coal fly ash, municipal solid waste incinerator ash, cement kiln dust and steel slag has been investigated in many experiments [3, 12] . Carbonation of waste has been proved to be an effective process, when waste is alkaline-rich, in the form of calcium or magnesium oxides. Many fine-grained industrial wastes, such as those mentioned above, have high mass percentages of CaO. Mineral carbonation is an exothermic process, hence the energy released could be used in other processes. The oxide content and high surface area of alkaline wastes make them potentially suitable for carbonation reactions without the need for extensive preprocessing [7, 10, 12, 18, 27, 30, 31] . The use of industrial wastes, e.g., steelmaking slag or cement kiln dust, in the carbonation process can accelerate the carbonation reaction due to their high reactivity with CO 2 and typically calcium rich contents, which makes them suitable materials for carbonation reaction. Carbonation is also an effective way to improve the durability of concrete because relatively insoluble CaCO 3 is formed from the soluble Ca(OH) 2 . The reaction could permanently bind CO 2 with carbonates, while essential to understand the sequestration processes. Therefore, a calculation of the thermodynamic data is required to understand the geochemical reactions associated with CO 2 sequestration. It should be possible to determine the crystallization energy of carbonate minerals and the characteristics of the crystallization process in the specific conditions of temperature and pressure, to help to fill the gaps in the kinetic and thermodynamic data concerning minerals carbonation products. For calculating and determining: the specific heat capacity (C p ), enthalpy (ΔH), entropy (ΔS) and Gibbs free energy (ΔG) thermogravimetry and differential scanning calorimetry (TG/DSC) can be used as suitable methods.
Mineral carbonation -significance and methods Fig. 1 . Process steps associated with the ex-situ mineral carbonation of silicate rocks or industrial residues [19] at the same time strengthen the waste material [3] . Moreover, the impacts of the formation of CaCO 3 on the stability of the waste material have also been investigated, particularly for its reduction of pH and the immobilization of the heavy metals, such as Cd, Pb, and Cr [6, 26] . Due to the high content of CaO in cement slurries, especially of Portland cement or concrete waste, they become very good sequestering materials [3, 11] . Waste building material, including cement, readily sequester CO 2 at ambient temperatures and pressures. Portlandite Ca(OH) 2 is an important component in cement to be used in concrete injection systems for geological storage of CO 2 . Cement carbonation is the main chemical transformation occurring in borehole materials in contact with CO 2 . This process could be the cause of a possible loss of borehole integrity, inducing leakage of gas to the surface [20] .
In simple terms, the one step process of mineral carbonation involves the reaction of CO 2 , which penetrates through the pores of the waste material, with the following compounds having the greatest potential for the reaction: Ca(OH) 2 , Mg(OH) 2 , FeCl 2 , KOH or NaOH. It is worth mentioning that the degree of cement carbonation depends on its saturation with water, which facilitates the dissociation to bicarbonate and H + ions. The results obtained by Mądrawski et al. [18] , who performed experiments on recycled concrete aggregates, showed that carbonation rate increased with increasing water to cement ratio (w/c). The carbonation reactions are as follows [11] :
Mineral carbonation process, taking place under standard conditions of temperature and pressure, despite the thermodynamic stability of its products, is very slow [10, 19] . Poorly known reaction kinetics becomes a barrier in the application of this method on a wider scale [22, 29] . The major product of the carbonation is calcite, probably in both crystalline and amorphous form. In order to determine the reaction pathways and products detailed measurements and thermodynamic characteristic of pre-and post-carbonation materials are needed [28] .
Current state of knowledge of carbonation reaction thermodynamics
Many researchers attempt to develop technologies and methods of mineral carbonation, which will speed up the process [2, 10, 14] . Regrettably, in many cases the thermodynamic conditions of a system of the chemical reactions and physicochemical processes is not considered. However, the energies of creation and dissolution of carbonate minerals formed in the process of carbonation in different conditions of pressure and temperature should be carefully considered [28] .
Krupka et al. [16] , as well as Regnault [25] , show deficits in kinetic and thermodynamic data of precipitating minerals. Frequently, due to lack of data, mineral carbonation reaction is compared to the carbonation occurring in the hypergenic environment. Moreover, what is used is the thermodynamic data for the pure carbonate phase synthesized in the laboratory or found in the hypergenic environment [16] . There is also the need for more precise mineralogical and geochemical characteristics of the carbonates, formed in geological systems affected by human activities. Therefore, it is required to determine the energy of crystallization of carbonate phases formed and to thoroughly investigate the carbonation reaction.
Radha et al. [23] and Sel et al. [28] have paid attention to how significant is understanding the physics and chemistry of the initial stages of formation and subsequent crystallization of carbonate minerals on the molecular scale. The thermodynamic stability of the carbonation product and its crystallization energetics play an important role in mineralization. Radha et al. [23] investigated the energetics and structure of synthetic amorphous Ca-Mg carbonates, which are also formed during mineral carbonation. Sel et al. [28] determined the thermodynamic parameters for the synthetic amorphous phase of iron carbonates which are formed in the process of CO 2 sequestration. They determined the crystallization enthalpy (ΔH crys ) of the synthetic carbonate phase with the use of differential scanning calorimetry (DSC). Sel et al. [28] Attention should be paid to the lack of thermodynamic and kinetic data, especially for precipitating minerals in mineral CO 2 sequestration processes with use of cement material. Consideration of the pathways of reactions and the chemical behavior of forming carbonates, regarding different environment systems is required. Each carbonation system differs in the composition of the involved phases and conditions of the reaction; the enthalpy change for the reaction depends on the state of the reactants and products, and system conditions. In the case of carbonation reaction of cement material, the Ca(OH) 2 present in the cementitious matrix as well as calcium silicate hydrates (C-S-H) react with CO 2 , mainly in the early hydration stages, forming calcium carbonate (CaCO 3 ), depending on process parameters [14] . Therefore the determination of the enthalpy of crystallization of the carbonate phases is necessary. In order to determine thermodynamic data the specific heat capacity (C p ), enthalpy (ΔH), entropy (ΔS) and Gibbs free energy (ΔG), will be used in the future for the modeling of mineral carbonation under certain conditions. The calculated kinetic data, in particular activation energy E a will allow for the comparison of the rate at which a reaction proceeds, and may help in finding methods for the maximization of the effectiveness of the carbonation process. Still, there is no real transformation model of cement components under the influence of CO 2 [25] . It is possible that the experimental data obtained for the thermodynamic system will enable accurate prediction of the direction of dynamic change of the carbonation process and allow the design of ways to accelerate the occurring reactions.
Tarkowski & Manecki [29] and Krupka et al. [16] noticed that thermodynamic data especially for the precipitation of carbonate minerals lacks information on enthalpy (ΔH), entropy (ΔS), and Gibbs free energy (ΔG) for higher temperatures (over 25°C) and common logarithm of the equilibrium constant (log K r ) for these reactions. Moreover, these values are typically determined for ideal, pure phases, and rarely take into consideration the impurities and substitutions of structure, or solid solution in these minerals. The concentration of a coprecipitate at a known level (e.g. greater than 1%) and its presence in the structure can significantly affect the chemical properties, such as solubility of these minerals. What is required following this observation, is the examination of the minerals with the associated phases, which are used in the carbonation process, on a molecular and micro-scale system.
Differential scanning calorimetry (DSC) as a method of mineral carbonation investigation
Basic methods used in the investigation of carbonation reactions are thermal analysis methods -simultaneous application of thermogravimetry with differential thermal analysis (TG/ DTA), supply information on the quantitative composition of the sample and its thermal properties. A less commonly used method is that of thermogravimetry with differential scanning calorimetry (TG/DSC). It is applied to the study of mineral carbonation processes with attention to the reaction energy of the formation and disintegration of carbonate phases. Thermograms provide information about chemical reactions (e.g. oxidation and decomposition), physical processes (e.g. vaporization, sublimation, desorption), and thermal behavior (e.g. exothermic and endothermic reactions). The differential scanning calorimetry (DSC) method is a valuable one in an investigation of the thermal behavior of minerals used in carbonation [3, 4, 5, 13, 28] . An example of the analysis of carbonation reaction of magnesium silicate by means of thermal methods is given in Fig. 2 [13] .
The DSC measures the difference in the amount of heat between the sample and the reference as a function of temperature. DSC is useful in making the same measurements as DTA but has the capability to measure heat capacities and thermal conductivity [15] . Knowing the dependence of the specific heat capacity C p on the temperature T, it is possible to determine the enthalpy ΔH (it is taken as the area under the peak Fig. 2 ) in certain temperature ranges, and other thermodynamic data (specific heat capacity C p , entropy ΔS, the Gibbs free energy ΔG). The enthalpy of chemical decomposition is equal in absolute value to the enthalpy of chemical formation. In accordance with this principle it is possible to attempt to calculate the energy of crystallization of mineral carbonation products, by performing experiment under a reactive atmosphere of CO 2 for pre-carbonated cement samples, and observing the process following. It is expected that cement submitted to such an experiment will be subject to numerous transformations, gradually undergoing carbonation, and subsequently undergoing the process of decomposition of carbonates. This experiment can lead to simultaneous observation of the reaction, and specific heat measurement (C p ), depending on the temperature changes in the heated sample. Portland cement is a good material due to high CaO content and detailed knowledge of its thermal behavior. This method can be used for improving knowledge, about the thermodynamic properties of carbonate minerals formed in the process of carbonation.
When CO 2 reacts with metal oxides (e.g., calcium, magnesium, or iron) the corresponding carbonate is formed and heat is released. The amount of heat depends on the specific metal and on the material containing the metal oxide, in this casecalcium oxide CaO. In general, this is a large fraction (up to 46% in the case of calcium oxide) of the heat released by the upstream combustion process forming CO 2 (393.8 kJ mol -1 CO 2 for combustion of elemental carbon) [19] . In thermal method i.e. differential scanning calorimetry (DSC) this heat is manifested as exothermic reactions and peaks visibly on the DSC curves, which can be used to calculate enthalpies of this transition, using the following equation:
where ΔH is the energy (mJ/mg) for a given thermal process, K is the calorimetric constant and A the peak area normalized to energy values [5] . The DSC curves recorded simultaneously with TG curves give the enthalpies associated with reactions such as dehydration, crystallization, and decomposition, occurring in carbonate materials, such as cement. Fig. 2 . Carbonation of magnesium silicate minerals: an experimental study by Jia et al. [13] . On the basis of the presented curves (TG, DTG, DSC) it is possible to determine the parameters of the carbonation reaction, including enthalpy
Conclusions
The mechanism of CO 2 sequestration is recognized so far, primarily in geological space, in the ecological and economic sense. The trend started by some researchers, recommending that the thermodynamic system of chemical reactions and physicochemical processes, should be continued. Examining the mechanism of mineral sequestration of CO 2 on a molecular scale may maximize the effectiveness of carbonation. The determined kinetic and thermodynamic data can be used in the future for modeling mineral carbonation under certain conditions, both during and after the process of carbonation.
There is the need to conduct extensive research which will contribute to the detailed knowledge of mineral carbonation process and identify opportunities to accelerate the carbonation reaction. The proposed studies of the kinetic and thermodynamic data concerning mineral products of carbonation will allow to estimate the CO 2 sequestration potential of cement material, and in consequence, to reduce the concentration of CO 2 in the atmosphere.
This study pays attention to the possibility of the improvement of the effectiveness of mineral carbonation methods Dubrawski and Warne [5] have already proved in 1988, that DSC can be used to measure enthalpies of mineral phases that otherwise are neither available nor readily established theoretically. Moreover, the accuracy of DSC measurements is limited by the purity of the minerals themselves. DSC is quite sensitive to even low levels of substitution (about 1%) and to the effects of substitution and that the trend of measured enthalpies is systematic and useful to an understanding of these reactions.
More popular [21, 24, 28] in determining the enthalpy of solution (ΔH sln ) and the enthalpy of crystallization (ΔH crys ) is solution calorimetry (measuring the enthalpy of dropsolution ΔH dropsolution ), which keeps the reaction in the solution, either at a low temperature in aqueous solution or at a high temperature in oxide melt solvent. Low temperature calorimetry is used to measure the heat of the process at low temperature, such as freezing and crystallization. The temperature range is from -200 o C to 200 o C; as the solvent -aqueous acid and base are used e.g. aqueous solution of HCl and NaOH. The high temperature drop solution calorimetry works at 700 o C and 800 o C using sodium molybdate, lead borate and alkali borate as solvents. It has been used to measure the heat contents, enthalpy of formations, enthalpy of phase transitions, enthalpy of dehydration, enthalpy of oxidation for different oxides, solid solutions, and minerals [9] . The data obtained are important in understanding the phase relations of carbonates in geochemical systems and thus are important for the accurate geochemical reaction modeling of CO 2 sequestration systems and mineral trapping reactions [16] . with the use of waste material, such as cement or concrete (with a high content of Portland cement clinker), in which the reactive compound is CaO. Special attention should be paid to building rubble, which is a common waste material. The use of such material is suitable not only for economical reasons, but mainly because of the good quality and composition of cement material. Future studies should focus on the estimation of the CO 2 sequestration potential of cement material. Although the mechanism of mineral sequestration is considered to be the safest and most durable in the context of the binding of carbon dioxide, the reaction rate is quite slow. Moreover, in contrast to most literature on the subject, it is suggested to use thermogravimetry with differential scanning calorimetry (TG/DSC) method in CO 2 atmosphere as a good way to extend knowledge about thermodynamics and energy of formation and disintegration reactions. To improve the fundamental understanding of the mineral carbonation process within cement material, there is the need to identify the crystallization energetics of the reaction in specified pressure and temperature conditions. For the calculation of parameters such as specific heat C p , enthalpy ΔH, entropy ΔS, as well as Gibbs free energy ΔG, differential scanning calorimetry (TG/ DSC) could be used. This method can in some cases be an alternative to the complicated method of solution calorimetry, which measures the enthalpy of dropsolution ΔH dropsolution (solution and crystallization). Moreover the DSC measurement enables the analysis under different atmospheric conditions (e.g. inert gas, air, aggressive atmosphere of CO 2 , with different heating rates, etc), providing essential knowledge about the course of the carbonation reaction. Additionally in this consideration it is shown, that the understanding of the carbonation process is still a considerable problem, which should be considered, not only on a large scale, but also on a micro-and molecular scale. 
